The non-protein amino acids, with which we are concerned here, are not incorporated into the proteins of the organisms that synthesize them nor are their residues formed by the post-translational modification of protein amino acid residues. Nonprotein amino acids are of value in the study of relationships between species and higher taxa of organisms because most of them are of restricted distribution. If a particular non-protein amino acid is only known to occur in a limited group of species which are related in other respects then it is probable that these species have all arisen from a common ancestral form in which the biosynthetic pathway to that particular non-protein amino acid already existed.
Discovery originally involved the isolation and purification of the compound concerned and the determination of its novel structure by the methods of classical organic chemistry. Interest in the nature of proteins ensured that most of the early research on amino acids was concerned with the composition of protein hydrolysates and by the time that asparagine and glutamine, the last of the protein amino acids to be discovered, were characterized in 1932 fewer than 10 non-protein amino acids were known. The rapid increase in our knowledge of these compounds since then dates from the successful application of 2D paper chromatography to the separation of amino acids. This powerful technique not only allowed the simultaneous identification of 'known' amino acids in biological extracts or hydrolysates, but also the detection of 'unknown' amino acids which could be recognized as ninhydrin reacting spots occupying unfamiliar positions on chromatograms. The subsequent development of complementary techniques, such as thin layer chromatography, ion-exchange chromatography, gas-liquid chromatography and high voltage electrophoresis made further important contributions to their study. The increased use of reverse phase high performance liquid chromatography (HPLC) and UV/vis spectrophotometric detectors in the 1980s led to less use of the traditional methods which were good at detecting such water soluble compounds and usually with no chromophore. The presence of biologicallyactive non-protein amino acids in herbal medicines and foods is highly likely and developments in chromatography to enable such compounds to be rapidly analyzed will undoubtedly reawaken interest in the non-protein amino acids and their biological activities. Here we review the distribution of the compounds in plants and their chemotaxonomic value and also their biosynthesis.
Strictly speaking, amino acids are carboxylic acids containing at least one free amino group. In biological systems however, these 'true' amino acids are found in association with certain imino acids and amino acid amides and it is common practice to refer to them all as amino acids. These compounds fall into two main categories, the protein and the non-protein amino acids.
The protein amino acids consist of seventeen α-amino acids, two amides and the imino acid proline for which specific transfer RNAs and codon triplets exist. These twenty compounds are universally distributed in living organisms and incorporated into the polypeptide chains of proteins during ribosomal synthesis. The hydrolysates of certain proteins nevertheless contain amino acids other than the twenty referred to above. These additional compounds, the secondary protein amino acids, do not possess specific transfer RNAs and codon triplets and are not involved, as free amino acids, in protein synthesis. Their presence is due to the modification of protein amino acid residues at some stage following their incorporation into the amino acyl-tRNA complex during protein synthesis. Most frequently this modification takes place after the completed polypeptide chain has been released from the polysome. Proteins that have been subject to such post-translational modification are the exception rather than the rule however and secondary protein amino acids are frequently restricted to hydrolysates of specific proteins from particular plant and animal taxa. These compounds, of which more than one hundred are known, are the subject of a review [1] .
The non-protein amino acids, with which we are concerned here, are not incorporated into the proteins of the organisms that synthesize them, nor are their residues formed by the post-translational modification of protein amino acid residues. At the time of writing some 800 have been isolated and characterized.
The distinction between the protein and non-protein amino acids is not absolute however. In most plants and animals ornithine (3), for example, occurs in the free state, or in the form of simple derivatives, such as N 5 -acetylornithine (4) , and may be considered as a typical non-protein amino acid. The presence of an ornithine residue has, however, been reported in a glycoprotein lectin of the potato tuber [2] . Clearly in the potato, ornithine can be regarded as a secondary protein amino acid. It is also known that a lack of specificity in a particular amino acyl-tRNA synthetase can lead to a non-protein amino acid being incorporated into the protein of an organism to which that non-protein amino acid is foreign. The prolyl tRNA synthetase of Convallaria majalis (lily of the valley) discriminates against azetidine-2-carboxylic acid (5), a lower homologue of proline (6) , which C. majalis synthesizes itself. In contrast, the prolyl tRNA synthetase of Phaseolus aureus, a species that does not synthesize azetidine-2-carboxylic acid, accepts that imino acid as a substrate and incorporates it into the protein of P. aureus seedlings with toxic effect [3] . It is probable that the residues of further non-coded amino acids will be discovered in proteins. It is also likely that compounds now known only as products of protein hydrolysis will be found either in the free state or as simple derivatives. The terms protein, secondary protein and non-protein are nevertheless useful as long as their limitations are recognized.
Hydrolysates of fungal and antibiotic-type peptides have also proved rich sources of non-protein amino acids. Some of these compounds also occur free in living organisms. Many, however, are only known as hydrolysis products of larger molecules.
Biosynthesis
The biosynthetic origins of relatively few non-protein amino acids, other than those that are intermediates in the synthesis of protein amino acids, have been established with certainty. It is known however that some are formed by structural changes to existing protein amino acids, some are the products of modified protein amino acid pathways and some are synthesized by novel metabolic routes [4] . The same non-protein amino acid may sometimes be synthesized by different pathways in different organisms, or indeed by different pathways in a single organism. Broad generalisations about their origins are not therefore possible even though certain related groups of compounds may share common pathways. The present chapter provides examples of some of the different ways in which these compounds are formed.
Non-protein amino acids in protein amino acid metabolism:
Green plants, unlike animals, are able to synthesize all of the primary protein amino acids. Comprehensive reviews of protein amino acid synthesis in plants [5] [6] [7] provide details of the pathways, intermediates and enzymes involved. Two of these pathways are outlined here to illustrate the importance of specific non-protein amino acids in this aspect of primary metabolism. 
Biosynthesis of arginine from glutamic acid:
In green plants, glutamic acid (7) reacts with either acetyl CoA or acetylornithine to form acetylglutamic acid (8) ; the enzymes involved are, respectively, amino acid acetyltransferase or glutamate acetyltransferase. The acetylated amino acid is then converted successively to acetylglutamic acid-5-phosphate (9), acetylglutamic semialdehyde (10), acetylornithine (11), ornithine (3), citrulline (1), argininosuccinic acid (12) and finally arginine (13) . It will be seen that this pathway, from one primary protein amino acid to another, involves no fewer than six non-protein amino acids, including ornithine and citrulline, as intermediates ( Figure 1 ).
Biosynthesis of threonine from aspartic acid:
Aspartic acid (14) forms the starting point for the synthesis of threonine (19) (and also isoleucine, lysine and methionine) in higher plants. It is converted first to aspartyl phosphate (15) and then via aspartic semialdehyde (16) , homoserine (17) and phosphohomoserine (18) to threonine (19) . The intermediates in this pathway are again non-protein amino acids ( Figure 2 The ability of enzymes from Phaseolus vulgaris to catalyze the acetylation of serine was demonstrated in 1971 [8] . Six years later, Smith [9] provided evidence that OAS (20) occurs as a free constituent of Nicotiana tabacum. The importance of OAS as a precursor of other amino acids is discussed later. Cis-4-hydroxyproline (21) , which occurs in the seeds and flowers of Santalum album [10] , is an hydroxylation product of proline (6) [11] , while L-DOPA (22) , which is a precursor of adrenaline and dopamine in mammals and a major constituent of the seeds of Mucuna species [12] , is formed by the hydroxylation of tyrosine (25) [13] . In mammals, tyrosine itself is formed as a hydroxylation product of phenylalanine. In bacteria and plants, however, tyrosine may be formed from either 4hydroxyphenylpyruvic acid (26) or the non-protein amino acid arogenic acid (pretyrosine, 27). Both of these precursors, which arise from the shikimic acid pathway [14] , already contain the hydroxyl group which is destined to become the hydroxyl group of tyrosine ( Figure 3 ). Modifications of the shikimic acid pathway can give rise to aromatic amino acids other than phenylalanine and tyrosine.
The seedlings of Ecballium and Bryonia species contain N 4 -ethylasparagine (23) . This compound is formed directly from asparagine (28) by a displacement reaction [15] involving ethylamine (29) . The biosynthesis of erythro 4-methylglutamic acid (24) in Gleditsia triacanthos provides an example of another direct, but perhaps less obvious route from a protein to a non-protein amino acid. Attempts to demonstrate the methylation of glutamic acid in the plant using [methyl- 14 C]methionine and [ 14 C]glutamic acid failed, but seedlings rapidly converted [1- 14 C]leucine (30) into erythro 4-methyl glutamic acid (24) in which all the radioactivity was in C-1 indicating that its synthesis involved the direct oxidation of one of the terminal methyl groups of leucine to a carboxyl group [16] . Modified protein amino acid pathways: It may be supposed that relatively minor changes in the biosynthetic pathways leading to protein amino acids or a lack of specificity in the enzymes involved in such pathways could account for the existence of most non-protein amino acids. Detailed studies of the biosynthesis of the N-heterocyclic β-substituted alanines and the aromatic non-protein amino acids, which are reviewed here, have shown that such minor changes may account for some, but not all, members of these two groups. N-Heterocyclic β-substituted alanines: It was originally thought, by analogy with the well-known route to tryptophan involving indole 3-glycerol phosphate and serine, that a tryptophan synthase of low specificity might be responsible for the synthesis of the other heterocyclic amino acids with alanine side chains. This did not prove to be the case. It was subsequently shown, however [17] , that another enzyme β-pyrazol-1-yl-alanine synthase, first studied by Dunnill and Fowden [18] , was able to catalyze a reaction between pyrazole (31) and OAS (20) to form β-(pyrazol-1-yl)-L-alanine (32) rather than between pyrazole and serine, as originally supposed. Preparations of this enzyme were also able to catalyze the synthesis of β-substituted alanines from a number of other naturally occurring and synthetic heterocycles [19] . It was however unable to catalyze the synthesis of either willardiine (33) or isowillardiine (34) from uracil (35) , which is their common precursor [20] .
OAS (20) is, however, the source of the carbon chain in cysteine [21] and attention turned to the possibility that cysteine synthases of low specificity might not only be involved in the synthesis of a number of S-substituted L-cysteines from OAS and thiols, but also of N-heterocyclic β-substituted alanines. Ikegami et al. [22] showed that the cysteine synthases could indeed catalyze the formation of some but not all naturally occurring β-substituted alanines. More recently data have been provided [23] on the relative synthetic rates (compared to L-cysteine) of β-cyanoalanine (from OAS and cyanide), three S-substituted L-cysteines and six naturally occurring N-heterocyclic β-substituted alanines catalyzed by cysteine synthases from eight species of plants. While enzyme preparations from at least two species were able to catalyze the formation of L-quisqualic acid (36), L-mimosine (37), β-(pyrazol-1-yl)-Lalanine (32), and β-(isoxazolin-5-on-2-yl)-L-alanine (38) as well as cysteine, no synthesis of willardiine (33) and isowillardiine (34) was observed. These findings indicate that some but not all of the nonprotein amino acids of the N-heterocyclic βsubstituted alanine group can be formed by a cysteine synthase of low specificity catalyzing an interaction between OAS and an appropriate heterocyclic base. The formation of the heterocyclic base itself, is however a key step in the biosynthesis of these compounds. It has been established, for example, that uracil (35) derived from orotate is the source of the heterocyclic ring in willardiine (33) and isowillardiine (34) [24] and that 1,3-diaminopropane, the precursor of pyrazole (31) , is the source in the biosynthesis of β-(pyrazol-1-yl)-L-alanine (32) [25, 26] . Brown [27] has recently discussed the origins of both the heterocyclic rings and the alanine side chains in N-heterocyclic β-substituted alanines separating those that are synthesized by a general mechanism involving cysteine synthase and those whose syntheses involve specific enzymes.
Aromatic amino acids: Shikimate (39) and chorismate (40) are intermediates in the synthesis of tyrosine and phenylalanine. In some species of Reseda these two protein amino acids are accompanied by 3-(3-carboxy-4-hydroxyphenyl)alanine (41), 3-(3-carboxyphenyl)-alanine (42) and the corresponding glycine derivatives.
Larsen et al. [28] showed that labelled shikimate (39) was incorporated into the non-protein amino acids via chorismate (40) , which then underwent a rearrangement involving the C-3 side chain to give isochorismate (43) , an intermediate not found on the normal aromatic amino acid pathway. Isochorismate gave rise first to isoprephenate (44) and then to both 3-(3-carboxy-4-hydroxyphenyl)alanine (41) and 3-(3carboxyphenyl)alanine (42) without loss of the carboxyl group from the original shikimate ring ( Figure 4 ). The glycine derivatives (45 and 46) were formed by subsequent modifications of the alanine side chain [29] . 
Specialist syntheses:
Reference has already been made to the pyrimidine amino acids willardiine (33) and isowillardiine (34) whose syntheses do not involve the general enzyme mechanism involving cysteine synthase. Lathyrine (47) a third pyrimidine amino acid, which occurs in a number of Lathyrus species [30] is also an exception and is used here as an example as it can apparently arise by two distinct pathways, both of which have novel features. A second example is the neurotoxin β-N-oxalyl-L-α,βdiaminopropionic acid (β-ODAP, 53), which is derived from an isoxazolin-5-one precursor.
Lathyrine (β-(2-aminopyrimidine-4-yl)alanine):
This pyrimidine amino acid (47) differs from willardiine (33) and isowillardiine (34) in having the alanine side chain attached to a ring carbon rather than a ring nitrogen. The co-occurrence in lathyrinecontaining species [30] of homoarginine (48) and 4-hydroxyhomoarginine (49) lent support to an earlier suggestion [31] that lathyrine might be formed from homoarginine in a series of steps involving hydroxylation and acclimation. When L-[guanidino-14 C] homoarginine was introduced into the stems and fruit of Lathyrus tingitanus during seed formation, over 95% of radioactivity in the seeds was found in 4-hydroxyhomoarginine [32] , but no labelling of lathyrine was detected. When labelled 4-hydroxyhomoarginine was fed to the roots of L. sativus seedlings, however, radioactivity was detected in 4-hydroxyhomoarginine and lathyrine in both roots and stems. When labelled homoarginine was fed to the roots, radioactivity was found in that compound, in 4-hydroxyhomoarginine and in lathyrine [33] . An oxidation of the hydroxy group in 4-hydroxyhomoarginine to give 4-oxohomoarginine (50) probably preceded acclimation. An attempt to synthesize 4-oxohomoarginine by the guanidation of 4-oxolysine (51) was unsuccessful. It did, however, result in the synthesis of lathyrine in 5% yield, suggesting that 4-oxohomoarginine was a likely, though unstable, intermediate.
Homoarginine (48) is not the most important precursor of lathyrine in L. tingitanus, however. It was shown [34, 35] that "uracil (35) supplies a preformed pyrimidine ring for lathyrine biosynthesis, and that serine donates an intact 3-C unit to form the alanine side chain". They also showed that the incorporation of radioactivity from [guanidino- 14 C]homoarginine into lathyrine was less than 4% of that incorporated from a similar amount of [2- 14 C]uracil of comparable specific activity. This finding led them to suggest that incorporation from 4hydroxyhomoarginine (49) might represent a reversal of a postulated catabolic route by which lathyrine is transformed to 5,6-dihydrolathyrine and then to 4hydroxyhomoarginine. Such a reversal is possibly due to the mass action effect of exogenously supplied homoarginine and/or 4-hydroxyhomoarginine.
Recent studies of the major pathway have shown [36] that the final stage in lathyrine synthesis from uracil involves the reaction of 2-amino-4carboxypyrimidine (52) with serine and the loss of 2 . The enzyme that catalyses this reaction is unusual in two ways. Firstly it uses serine rather than OAS (20) as donor of the alanine side chain and secondly it requires biotin as a co-factor, a requirement usually associated with carboxylase rather than decarboxylase enzymes [37] .
The neurotoxin responsible for human lathyrism was identified as β-ODAP (53) forty years ago, but a full understanding of the way in which it is synthesized in Lathyrus sativus has only been reached recently.
Malathi et al. [38] showed that β-ODAP can be formed enzymatically by the transfer of an oxalyl group from oxalyl CoA to L-2,3-diaminopropanoic acid (DAPRO, 54), but all efforts to demonstrate the presence of free DAPRO in L. sativus proved unsuccessful. A lead was given however by the discovery [39, 40] of a new class of compounds, the isoxazolin-5-ones, in higher plants. In the seedlings of Pisum sativum (garden pea) they found β-(isoxazolin-5-on-2-yl)-L-alanine (BIA, 38), an unstable heterocyclic amino acid that gives rise to DAPRO when subjected to either acid hydrolysis or irradiation by ultraviolet light. This compound was also identified in other legume seedlings, including those of Lathyrus sativus [41] . Using 14 C labelled compounds it was shown that radioactivity from serine and OAS (20) was incorporated into the alanine side chain of BIA (39) . When BIA labelled in this way was isolated and used for subsequent experiments it was found that radioactivity from the BIA, imbibed in solution by dry seeds, was detectable in the β-ODAP (53) of two day old seedlings. The cotyledons proved to be the prime site of synthesis [42] . Radioactivity was also incorporated HOOC.CO.NH.CH 2 .CH(NH 2 ).COOH 53 β-ODAP H 2 N.CH 2 .CH(NH 2 ).COOH 54 2,3-Diaminopropionic acid into β-ODAP when callus tissue was incubated with labelled BIA and oxalate. Hydrolysis confirmed that radioactivity was restricted to the 3C unit of the β-ODAP molecule [43, 44] .
While these findings indicated that the alanine side chain of BIA (39) was incorporated into β-ODAP (53) they did not resolve the questions as to whether the ring nitrogen of BIA was also incorporated and whether the carbons of the oxalyl moiety were derived from the carbon atoms of the ring. Using callus tissue preparations and synthetic BIA labelled with 15 N in the ring it has been shown that this nitrogen atom is indeed incorporated into β-ODAP. In contrast, there was no incorporation of 13 C into β-ODAP from synthetic BIA labelled with 13 C either singly at the C-5 (C=O) position or doubly at the C-3 and C-4 (C=C) positions proving that the carbon atoms of the oxalyl moiety of the neurotoxin are not derived from the cyclic carbon atoms of BIA [45] . The same authors demonstrated that synthetic β-Nhydroxy-L-α,β-diaminopropanoic acid (55) labelled with 15 N in the β position was also incorporated into β-ODAP. Whether this hydroxy compound is a genuine short lived intermediate in the biosynthesis of β-ODAP or a synthetic substrate that the enzymes involved can utilize is not clear.
HO.NH.CH 2 .CH(NH 2 ).COOH 55 β-N-hydroxy-α,β-diaminopropanoic acid The occurrence of BIA (39) in species that do not synthesize β-ODAP (53) raises the question as to whether they differ from L. sativus in lacking enzymes that facilitate ring opening or enzymes that facilitate the oxalylation of DAPRO (54) .
Systematic significance of non-protein amino acids
Non-protein amino acids are of value in the study of relationships between species and higher taxa of organisms because most of them are of restricted distribution. If a particular non-protein amino acid is only known to occur in a limited group of species, which are related in other respects, then it is probable that these species have all arisen from a common ancestal form in which the biosynthetic pathway to that particular non-protein amino acid already existed. If these same species contain several such non-protein amino acids, that are unrelated biosynthetically, then the likelihood of common ancestry is even greater. It is perfectly possible of course that the pathway to a particular non-protein amino acid may have arisen independently in different organisms at different times during the course of evolution. The occurrence, for example, of azetidine-2-carboxylic acid (5) in higher plant families such as the Liliaceae [46] and the Leguminosae [47] , but also in the fungus Clavaria miyabeana [48] would suggest this. Provided, however, that other relevant factors, such as anatomy, morphology and cytology are taken into consideration, the distribution of non-protein amino acids can be of great value in establishing phylogeny. It must be clearly understood, however, that chemical variability exists within as well as between living organisms. In higher plants a secondary compound may be detectable in the flower but not in the root, in the seedling but not in the seed, in the old leaf but not in the young. Concentrations may also vary with the time of day, the composition of the soil and many other factors. Dormant seeds have often been used for chemotaxonomic surveys of higher plants because they represent, as nearly as possible, a comparable stage in the life cycle of plants being studied. They also frequently contain high concentrations of nonprotein amino acids.
When considering the taxonomic or phylogenetic significance of an amino acid it must be remembered that data relating to its absence from some species are as important as data relating to its presence in others. To draw meaningful conclusions from distribution studies it is necessary to know which taxa do not synthesize a particular compound as well as to know which do. It must also be emphasized that while a positive result is unequivocal, a negative result may either mean that the compound is absent, or present in concentrations too low to be detected by the analytical methods used. The ability to accumulate a particular compound, no less than the ability to synthesize it, may be significant. If exceptionally high concentrations of a non-protein amino acid are unique to a particular group of species then those species probably share a common ancestry.
Most systematic studies involving non-protein amino acids have been concerned with higher plants and examples of these are given here.
Significance of canavanine at the familial and tribal level:
Canavanine (2-amino-4-guanidoxybutanoic acid, 56), a close chemical analogue of arginine (13) , reacts with sodium pentacyanoammonioferrate to give a distinctive magenta color [49] that is easy to detect. Using this reagent it was shown that canavanine was restricted to the Leguminosae [50, 51] and within this family to a single subfamily, the Papilionoideae [52] . Even though canavanine was not found in all species, genera or tribes of the Papilionoideae it was recognized as having taxonomic significance and its distribution supported the cytological evidence that the other two subfamilies of the Leguminosae, namely, the Caesalpinioideae and the Mimosoideae diverged relatively early during the course of evolution from the stem line now represented by the Papilionoideae. 
Canavanine
Further seed surveys have ensured that more is known of the distribution of canavanine than of any other non-protein amino acid. Bell et al. [53] summarized the findings of these surveys (which cover 1200 species from 240 genera of the Papilionoideae) and concluded that the genome for canavanine synthesis arose in ancestral tephrosioid stock, canavanine being widespread in the tribes derived from that stock. This conclusion also implied that the genome for canavanine synthesis must have arisen (as did the tephrosioid stock) some time after the divergence of the Caesalpinioideae and the Mimosoideae. Having identified the stage in Papilionoid evolution at which canavanine first appeared, a revision of the accepted pattern of tribal relationships within the subfamily was possible. The Mirbelieae ("Australian Podalyrieae") and the Bossiaceae were recognized as having a closer affinity with the Tephrosieae than the Sophoreae. This also proved true of the anomalous canavaninecontaining genus Hypocalyptus, which had clearly been misplaced when put with the less advanced genera of the Liparieae. The revision of these tribal relationships is shown in Figure 5 . The absence of canavanine from Aeschynomeneae, Psoraleeae, Adesmieae and Amorpheae and its somewhat sporadic occurrence in some other tribes is probably due to a secondary loss of ability to synthesize the compound. Alternatively, its absence in some instances may be due to descent from ancestral tephrosioid stock without canavanine. The apparent absence from Cicereae is probably insignificant, as information was only available for a single cultivar, Cicer arietinum. (L-DOPA, 22) : This amino acid is widely distributed in living organisms. It occurs, for example, in the human brain and in the pods and seedlings of Vicia faba (Broad Bean). As a major seed component, however, it appears to be restricted to a single leguminous genus Mucuna. Damodaran et al. [54] isolated the equivalent of 1.5% dry weight of L-DOPA from the seeds of Mucuna pruriens, while Bell and Janzen [55] showed that the seeds of five species of the genus, including those of M. pruriens, all contained 5-9% dry weight of the amino acid. The species of no other plant genus, including species from over 400 genera of the Leguminosae, have been found to accumulate comparable concentrations of L-DOPA in their seeds. (5-HTP, 57) : 5-HPT was originally identified chromatographically as an intermediate in the conversion of tryptophan to 5-hydroxytyptamine (serotonin) in higher animals [56, 57] . The hydroxylation of tryptophan in the 5 position was also observed in tissue slices of Citrullus vulgaris (watermelon) [58] and in Chromobacterium violaceum [59] . The first isolation of the compound from a natural source was made from the seeds of the West African legume Griffonia simplicifolia [60] , a plant used both medicinally and for stimulating reproduction in sheep and goats [61] . Subsequently, seed of two of the other three species in this small genus (G. physocarpa and G. speciosa) were obtained and they too contained high concentrations of 5-HTP (57) . In marked contrast to the traces of 5-HTP detected in other plant and animal tissues, 20 individual seeds of G. simplicifolia collected in Nigeria contained no less than 14.0% (mean value, dry weight) of 5-HTP [62] . No other comparable natural source of 5-HTP has been reported and a legume whose seed contained major concentrations of 5-HTP could confidently be assigned to Griffonia. Azetidine-2-carboxylic acid (5) : Early studies of the distribution of 5 [63] suggested that it was restricted to genera of the Liliaceae, Agavaceae and Amaryllidaceae, but it was subsequently isolated from the seedlings of the legume Delonix regia and it is now known to be widely distributed in plants [64] . A survey of the seeds of 26 species of Caesalpinia and related genera [65] disclosed the presence of low concentrations of the imino acid in seeds of Parkinsonia aculeata and high concentrations in those of Bussea massaiensis. A wider survey of the Caesalpinieae [66] confirmed the presence of high concentrations of 5 in seeds of B. massaiensis and also established that the seeds of B. occidentalis and B. gosweileri were equally rich in the compound.
Genera characterised by exceptionally high concentrations of specific non-protein amino acids in their seeds.

2,4-Dihydroxyphenylalanine
5-Hydroxytryptophan
Although seed of the fourth species was not available for analysis, the ability to accumulate major concentrations of 5 in their seeds appears to be restricted to species of Bussea. 
Taxa characterised by the presence of specific nonprotein amino acids or associations of non-protein amino acids
The Fabaceae (Leguminosae): Within the Fabaceae distinctive amino acid seed patterns may not only distinguish one genus or sub-genus from another, but also emphasize relationships between genera. Within the Papilionoideae detailed studies have been made of the economically important and closely related genera Lathyrus and Vicia. None of the ten principal non-protein amino acids found in seeds of Lathyrus occurs in seeds of Vicia nor do any of the five principal non-protein amino acids of Vicia occur in Lathyrus [67] [68] [69] . In a case of uncertainty a species could be assigned unequivocally to Lathyrus rather than Vicia if its seeds contained lathyrine (47) and to Vicia rather than Lathyrus if its seeds contained canavanine (56) .
Within
each genus however there are subgenera whose species are characterized by the presence of either a specific non-protein amino acid or specific associations of non-protein amino acids. In Lathyrus, for example, the species of one subgenus are characterized by the co-occurrence of homoarginine (48) and β-oxalyldiaminopropionic acid (β-ODAP, 53) in their seeds and those of another by the co-occurrence of homoarginine (48), γ-hydroxyhomoarginine (49) and lathyrine (47) . A suggested relationship between the distribution of genes controlling the synthesis of non-protein amino acids in Lathyrus and the 'patterns' of such amino acids seen in the seeds is set out in table 1. It is Of significance that natural hybridisation does not occur between species belonging to the different, chemically defined, subgenera of Lathyrus. Simola [70] showed moreover that lathyrine can act as a chemical barrier to hybridization by inhibiting pollen tube development in pollen from Lathyrus species that do not contain lathyrine.
It must be emphasized that the studies reported in this section have all been made with seeds. The nonprotein amino acid content of other organs may be very different both qualitatively and quantitatively. The seedlings of Lathyrus odoratus, for example, contain 3.5% dry weight of α-amino-γ-(isoxazolin-5one-2-yl)-butyric acid [71] , yet it is absent from the seed.
Other genera of the Papilionoideae in which the distribution of non-protein amino acids in seeds has been studied include Phaseolus, Lablab, Dolichos, Macroptilium and Vigna [72] . It was observed that species of Vigna could be distinguished from those of the other genera by the absence of pipecolic acid (58) . Similar results were reported by Bell [73] , who drew attention to the absence of pipecolic acid from Phaseolus mungo and P. aureus, as well as from Vigna species. This finding was consistent with the view of many taxonomists that these two species should, on morphological grounds, be placed in Vigna. It was also reported [74] that the seeds of A survey of the seeds of 120 species of Astragalus [75] showed that the genus could be broadly divided into species that accumulated canavanine (56) and species that accumulated S-methylcysteine (59) and its γ-glutamyl derivative. Many species also contained γ-hydroxynorvaline (60), δ-hydroxynorvaline (61), homoserine (17) and δ-acetylornithine (62), but their distributions appeared to be random. Reference has already been made to the uniquely high concentrations of azetidine-2-carboxylic acid (5) found in Bussea seeds. These seeds also contained 3-hydroxyproline [80, 81] and, although 3-hydroxyproline is found in other genera, the co-occurrence of the two different imino acids in all Bussea species emphasized the similarity of their biochemistry and origins. In the other genera of the Caesalpinoideae, with the exception of Peltophorum, which was unique in containing trans-4hydroxypipecolic acid-4-sulfate [82] , evidence of common ancestry was indicated by the presence of associations of non-protein amino acids rather than by the presence of single compounds. The genus Caesalpinia was clearly divisible into two subgenera. The species formerly grouped together as Guilandina were characterized by high concentrations of γ-ethylideneglutamic acid (66) in their seeds. Its absence from other species emphasized the morphological differences recognized in the old classification. The species of Gymnocladus and Gleditsia showed marked similarities ( Table 3 ). All contained pipecolic acid (58) , trans-5hydroxypipecolic acid and one or more isomers of 3-hydroxy-4-methylglutamic acid (67) . A broad survey of 104 species belonging to 40 genera of the Mimosoideae showed that the seeds of this subfamily were rich in non-protein amino acids, some of which had not been found elsewhere [83] . The distribution patterns reflected specific features of the tribes and genera within the subfamily. Seneviratne and Fowden [84] studied 34 species of Acacia, the largest genus of the Mimosoideae. Most were Australian species in the series Phyllodineae and Botryocephalae Benth. the remainder were members of the series Gummiferae Benth. They found that seeds of the Gummiferae characteristically contained N-acetyldjenkolic acid (68) and its sulfoxide while those of the series Phyllodineae and Botryocephalae contained high concentrations of albizziine (69), S-β-carboxyethyl cysteine (70) and its sulfoxide. Many of the species of the last two series also contained S-β-carboxyisopropyl cysteine (71) and α-amino-β-acetylaminopropionic acid. The authors concluded that the differences were so clearly defined that one would be justified in assigning a species to the Gummiferae if its seeds contained N-acetyldjenkolic acid. This survey was extended by Evans et al [85] , who analyzed seeds of a further 80 species of Acacia which were more representative of the genus as whole. Their findings provided support for the conclusions of Seneviratne and Fowden [84] and showed in addition that the Australian series Pulchellae Benth., although morphologically distinct from Phyllodineae and Botryocephalaea, shared a common amino acid seed pattern which distinguished them from non-Australian species, with the exception of A. heterophylla. This last species is a native of the Mascarene Islands and it is possible that the "Australian" seed pattern is that which characterized the ancient Gondwanaland stock that gave rise to the modern Acacia species of Australia and the Mascarenes [86] . The species that Bentham placed together in his series Vulgares showed two distinct amino acid patterns, one common to some of the Afro-Asian species and the other to species from Africa and America. This finding supported the view of Guinet 
S-β-carboxyisopropyl cysteine
The Cucurbitaceae: Dunnill and Fowden [89] determined the distribution of non-protein amino acids in the seeds of 65 species of the Cucurbitaceae, representing 31 genera of the subfamily Cucurbitoideae and 4 genera of the subfamily Zanonioideae. The overall pattern of distribution supported the accepted arrangement of tribes and sub-tribes within the family. Citrulline (1) was common to all species, while β-(pyrazol-1-yl)-L-alanine (32), its glutamyl derivative and m-carboxyphenylalanine (72) were found in many. 
N 4 -Methylasparagine
The Hippocastanaceae: Branched-chain C 6 and C 7 cyclopropane-containing amino acids are found in species of all three of the closely related families Aceraceae, Sapindaceae and Hippocastanaceae [90] . In a study of 13 species of Aesculus (Hippocastanaceae) belonging to 5 sections [91] it was shown that seed of A. californica in the section Calothyrus contained major concentrations of 2-amino-4-methylhex-4-enoic acid (74), together with lower concentrations of its glutamyl and 6-hydroxy derivatives, the corresponding saturated compound homoisoleucine (75) and a β-methyl derivative of hypoglycin A (76) . All these compounds were absent from other species, except for A. indica, the other representative of Calothyrus whose seeds contained glutamyl- 74 The Fagaceae: In a study of 7 species representing 3 genera of the Fagaceae, it was shown that a very [92] . The compounds present in all species were willardiine (33), γ-glutamylwillardiine, 2S, 5R, 6S and 2S, 5S, 6S 5-hydroxy-6methylpipecolic acids and N-[N-(3-amino-3carboxypropyl)-3-amino-3-carboxypropyl]azetidine-2-carboxylic acid (nicotianamine 79). None of these compounds was present in species of the related genera Castanea and Quercus. Although the number of species analyzed was small, the systematic significance of non-protein amino acids in this family is apparent.
Conclusions
In this short review we have tried to give some good examples and not to review the literature in full. In most instances we do not know why plants synthesise non-protein amino acids. What we do know however, is that in their variety and restricted distribution they can serve as excellent 'markers' by which to trace the evolutionary history of species and taxa. The factors which lead to the selection of species synthesising and accumulating non-protein amino acids are external environmental pressures and these, unlike the selectionary pressures acting on primary metabolites (such as protein amino acids) are extremely variable. It is, therefore, to be expected that different environmental pressures applied by different organisms and conditions in different habitats will inevitably produce a great variety of chemical responses. Whenever a new amino acid has arisen which has conferred an advantage on the individual containing it then the chance of that individual's survival in that habit will have been increased. The accumulation of some non-protein amino acids, for example those which are toxic or repellent to a broad range of insects, may prove advantageous in almost any environment, and such a general advantage may explain the wide distribution of species containing some of these compounds. Another non-protein amino acid may fulfil a very specialist role in a plant occupying an unusual ecological niche and in such an example one would expect the amino acid to be limited to that species or to a few closely related species subject to similar environmental pressures.
Many non-protein amino acids have interesting biological activities. Canavanine (56), for example, although often overstated to be toxic to humans, may well explain to some extent the anti-AIDS activity claimed for the medicinal leguminous plant Sutherlandia frutescens (Galegeae) in South Africa due to its proven anti-viral activity [93] . Canavanine also shows some anti-tumor activity [94] .
